Using five monoclonal antibodies (MAb), we studied by indirect immunofluorescence the desmosomes and a junctional structure specific to cornified layers, the corneodesmosome, in normal and plantar epidermis and in the various sheaths of the anagen hair follicle. The monoclonal antibodiesDP1&2.2-15, PG5.1, and DG3.10, specific for desmoplakins I/II, plakoglobin, and desmoglein I, respectively, were used to study the desmosome antigens, and G36-19 and G20-21 to study the corneodesmosome antigens. The distribution and sequence of expression of the five antigens allowed the nine epithelial differentiation pathways studied to be merged into four distinct families: non-plantar epidermis, characterized by the absence of desmosome and corneodesmowme antigens in the stratum corneum; the outer
Introduction
In the squamous epithelia, the intercellular adhesive junctions correspond to hemidesmosomes at the interface between the basal cells and the basement membrane, and to spot desmosomes between the cells of the viable layers. Desmosomes show two distinct intercellular and extracellular domains (1) . The cytoplasmic domain includes desmosomal plates composed of specific proteins such as desmoplakin 1/11 (2,3) and plakoglobin (4), and a set of fibrils of undetermined nature which connect the plates to the cytokeratin intermediate filaments. The extracellular domain, named "desmoglea" or "core," consists mainly of the extracellular part of certain membrane-associated glycoproteins such as desmoglein I (5, 6) and desmocollins (7), which have been shown to be involved in root sheath of the hair follicle, which behaves like the viable layers of the epidermis with regard to the desmosome antigens but does not express the corneodesmosome antigens; plantar epidermis and the three components of the inner root sheath in which the comeodesmosome antigens are present up to the desquamating layer; and the three components of the hair shaft, which are characterized by the absence of expression of both the desmosome and the corneodesmosome antigens in its mature portion. ( J I f i " Cytocllem 40: [1329] [1330] [1331] [1332] [1333] [1334] [1335] [1336] [1337] 1992) the intercellular cohesion of desmosomes (8) . Many antibodies specific either for plate components or for desmoglea components have been produced in the past few years (4, 5, 8, 9) . In cornified squamous epithelia, most of the desmosome-specific antigen (Ag) defined by these antibodies was found to be restricted to the viable layers and to disappear when the cells cornify.
Previous ultrastructural studies have shown that during cornification drastic ultrastructural rearrangements occur in desmosomes (10, 11) , including the disappearance of the cytoplasmic plates and the densification of the desmoglea. These modified desmosomes were often thought to have lost their cohesive role. However, in previous works (12,13), we described a monoclonal antibody (MAb), G36-19, which defines Ag specifically expressed on these modified desmosomes and absent on desmosomes of spinous and basal layers. We showed that the G36-19 Ag. synthesized in the stratum granulosum is bound to the cornified envelope and that the corneocyte-specific modified desmosomes, which we proposed to name "corneodesmosomes," probably retain a physiological role in cell cohesion.
In the present work, we studied by indirect immunofluorescence, using a series of MAb, the histological distribution and sequence of expression of various desmosome and corneodesmosome Ag DP18t2.2-15 (14), PG5.1 (15), and DG3.10 (I), specific for desmoplakins 1/11, plakoglobin, and desmoglein I, respectively, were used to study the desmosome Ag, while G36-19 and another original MAb for the corneodesmosome, G20-21, were used to study the corneodesmosome Ag (13).
The expression of the five MAb was sought in epidermis of various body sites and in anagen hair follicle (HF) . which shows at least seven different pathways of epithelial differentiation: the outer root sheath (ORs), the three components of the inner root sheath (IRS), i.e., the Henle layer, the Huxley layer, and the cuticle of the IRS, and the three components of the hair shaft, i.e., the hair cuticle, the cortex. and the medulla.
Materials and Methods
Monoclonal Antibodies. The murine IgGl MAb DPKk2.2-15, PG5.1. and DG3.10, specific for the desmosomal components, were purchased from Progen (Heidelberg, Germany). The murine IgGl MAb G36-19 and G20-21 belong to a series of MAb against epidermis differentiation Ag produced in our laboratory according to the classical hybridoma method (16). after immunization of mice with human plantar stratum corneum (SC). G36-19 was shown to be specific for a corneodesmosome Ag expressed in epidermis and in the IRS of the HF and to define a set of five protein antigens, from 33.5 to 52 KD (13). The G20-21-defined Ag was shown to be exclusively expressed in the IRS and was believed to be directed against a corneodesmosome Ag (12). Fluorescein isothiocyanate (FITC)-labcled, affinity-purified rabbit immunoglobulins specific for mouse IgG(H+L) were obtained from Zymed (San Francisco, CA). Skin Specimens. Skin fragments from various body sites (scalp, breast, abdomen, arm, back) came from healthy subjects undergoing plastic surgery. Plantar skin fragments were obtained from one patient undergoing amputation. The fragments were cut into small pieces and either frozenembedded in Tissue-Tek medium (Reichert Jung; Heidelberg, Germany) and stored at -8O'C, or paraffin-embedded after fixation for 24-48 hr either in absolute ethanol or in Bouin's solution (75% of distilled water saturated with picric acid, 20% formaldehyde, 5 % acetic acid). Four-wm thick cryosections were made at -3O'C with a Cryocut E cryomicrotome (Reichert; Nublock, Germany). Serial cryosections of scalp epidermis were made according to various orientations with regard to the longitudinal axis of the HF. The paraffin-embedded tissues were cut into 4-wm thick sections and deparaffinized in a graded series of ethanol diluted in phosphatebuffered saline (PBS; 150 mM NaCI, 7 mM KzHP04, 1.5 mM KH2P04, pH 7.4).
Indirect Immunofluorescence. Indirect immunofluorescence was performed as previously described (12.13). Briefly, skin cryosections were either left unfixed or fixed for 30 min. either in absolute ethanol at 20°C. in acetone at 4'C, or in acetone at -2O'C. The sections were rehydrated for 15 min in PBS, then incubated with the MAb diluted in PBS for 1 hr at 37% in a moist chamber. DPltk2.2-15, PG5.1, DG3.10. and G36-19. available as purified antibodies. were used at a concentration of 10 pg.ml-'. G20-21. available as ascites fluid, was used diluted to 1:50. The slides were rinsed mice for 7 min in 0.05% Tween 20-PBS and for 7 min in PBS. Then the sections were incubated for I5 min at 37°C with the FIX-labeled antibodies diluted to 1:50 in PBS. After washing as above, the slides were mounted with Fluoprep medium (Biomirieux; Lyon. France) and observed under an Olympus BH2 microscope with w epi-illumination (Olympus; Tokyo, Japan). Photographs were taken with an Olympus OM4 camera using Ektachrome IS0 160 film.
Results
The labeling patterns observed were identical on unfixed cryosec-tions and on cryosections fixed either with absolute ethanol or with acetone, whatever the MAb used. On deparaffinized sections of skin fragments fixed either with absolute ethanol or with Bouin's solution, labeling by the three desmosome-specific MAb was found to be totally abolished, whereas that by the two corneodesmosomespecific MAb was preserved or only slightly modified. Except where otherwise mentioned, all the reported results were obtained on cryosections. I II ing which extended from the stratum basale to the stratum granulosum, then disappeared in the lower part of the SC, both in interfollicular and in intrafollicular epidermis. At higher magnification, the labeling appeared as fluorescent dots regularly distributed along all the keratinocyte membrane. Label was absent on the basal pole of the basal cells, i.e., on hemidesmosomes. On plantar epidermis, DP1&2.2-15, PG5.1. and DG3.10 produced the same pericellular labeling as in the viable layers of non-plantar epidermis, but the labeling produced by DP1&2.2-15 and PG5.1 persisted in the lower half of the SC (Figure 1b ). (Figures 2a and  2c ), the labeling of (336-19 was restricted to the stratum granulosum. First appearing cytoplasmic and microgranular in the lower cells, the labeling became pericellular in the upper cells and disappeared in the lower part of the SC.
Reactivity of the MAb to Desmosomes and Corneodesmosomes in Epidermis

Comeodesmosoma. On non-plantar epidermis
On plantar epidermis (Figures 2b and 2d ), the labeling of G36-19 persisted throughout the entire SC, with strengthening of the fluorescence intensity on the desquamating cells ( Figure 2b ). In the stratum granulosum, the labeling was first microgranular cytoplasmic, then linear, microgranular, and pericellular, as in nonplantar epidermis.
On fixed tissues, the reactivity of G36-19 was found to be totally preserved on epidermis from various body sites and partly preserved on plantar epidermis, where only stratum granulosum labeling persisted (Figure 2d ).
Reactivity of the MAb to Desmosomes and Corneodesmosomes in Anagen Hair Follicles
Desmosomes. In the anagen HF, the three MAb specific for desmosome components showed, as in epidermis, a dotted membrane-like labeling pattern. The labeling appeared simultaneously in the lower part of the hair matrix (Figures 3a-3c) and persisted in both the hair shaft and the IRS. In the hair shaft. DPlk2.2-15 and PG5.1 produced identical labeling which persisted up to the keratogenous zone ( Figures 3a and 3b ), whereas the labeling of DG3.10 was found to be less intense and disappeared earlier (Figure 3c ). In the IRS, the labeling produced by PG5.1 and DG3.10 persisted up to the keratogenous zone ( Figure 4c ) and disappeared abruptly, from one cell to the next, simultaneously in the three components of the IRS (Figures 4c. 4e, and 5c ). DPB2.2-15 showed the same labeling pattern except in the Henle layer, where the labeling disappeared in the lower part of the sheath (Figure 5b ). In the supramatricial portion, whatever the MAb, the inner membranes of the IRS cuticle cells, which are face to face with hair cuticle cells, were not labeled ( Figure 5b) .
The labeling by the desmosome-specific MAb was also observed in the ORS (Figures 3a-3c ), producing a dotted membrane-like pattern (Figure 5b ). In the lowest portion of the ORS, the labeling of DPm2.2-15 and PG5.1 was found to be weaker than in epidermis or in the IRS (Figures 3e and 3f ), while the reactivity of DG3.10, restricted to the innermost cells of the low ORs. appeared as a faint in the low portion of the anagen hair follicle. Schematic drawing: 1, outer root sheath; 2, inner root sheath; 3, hair shaft; 4, hair matrix; 5, papilla; 6, Henle layer; 7. Huxley layer; 8, cuticle of the inner root sheath; 9, hair cuticle; 10, hair cortex. The desmosome-specific monoclonal antibodies DP182.2-15. PG5.1, and DG3.10 Produce, in the hair matrix, the hair shaft, the inner root sheath, and the outer root sheath, the same linear pericellular labeling which, however, shows large variations of intensity from sheath to sheath and with the maturation stage. DP1&2.2-15. specific for desmoplakins 1/11, labels the full thickness of the outer root sheath. the inner root sheath, and the hair shaft from the matrix to the keratogenous zone, with an equally intense fluorescence intensity (a#). PG5.1. specific for plakoglobin, shows an identical labeling pattern in the inner root sheath and in the hair shaft, while the outer root sheath labeling appears later (b,t). DG3.10, specific for desmoglein. labels the inner root sheath from the stem cells to the keratogenous zone, while in the hair shaft the labeling is less intense and only transitory (c). In the lower outer root sheath, the labeling is restricted to the innermost cells (9) and extends progressively to the whole thickness of the sheath (c). G36-19. specific for a corneodesmcsome antigen. labels only the inner root sheath (d,h) . The labeling appears first in the Henle layer, then in the Huxley layer, and finally in the cuticle of the inner root sheath. First appearing cytoplasmic and microgranular in the deeper cells of the Henle layer (h), the labeling becomes rapidly pericellular. Bars: a-d = 70 pm; e-h = 25j" microgranular cytoplasmic staining that extended progressively to the whole ORs (Figures 3c and 3g ). All the cell membranes, except the basal border of the outermost cell layer (Figures 4a and 5b) . were labeled by the three MAb with a moderate intensity that rapidly increased and became, in the keratogenous zone, as strong as in the epidermis.
When ascending the HF, the labeling became pericellular and linear in the three components of the mature IRS (Figures 4b, 4d . and 40. G20-21 showed histological characteristics very similar to those of G36-19, but a lack of reactivity to the cuticle ofthe IRS was found on both transversal and longitudinal sections ( Figure 6 ).
The labeling of (336-19 and G20-21 persisted in the IRS until Corneodesmosomes. The G36-19 labeling was found to be restricted to the IRS (Figure 3d ). On longitudinal sections of the HF, sheath exfoliation in the hair canal, at the isthmus.
G36-19 labeling appeared in the lower part of the IRS with a microgranular cytoplasmic pattern, first in the Henle layer ( Figure  3h) , then in the cuticle of the IRS. and finally in the Huxley layer.
DkXssion
Because MAb do not actually detect antigens but only cpitopes of the antigens and because the accessibility of epitopes depends on the method used to prepare the tissue samples, the results of immunohistochemical localization using MAb must be interpreted carefully. For example, a conformational epitope recognized on cryosections can be altered by the fixation procedure, leading to a negative result on deparaffinized sections, whereas a sequential epitope masked by tissue lipids will become accessible after acetone or alcohol fixation. However, although the disappearance of the labeling cannot always be interpreted as antigen disappearance, the differences in labeling produced by the same MAb between various histologically related tissues (or between various layers of the same tissue) attest that the differentiation pathways of these tissues (or the differentiation stages of the various layers) are actually different.
In non-plantar epidermis, the reactivity produced by the desmosome-and by the corneodesmosome-specific MAb showed that all the Ag recognized are co-expressed on the corneodesmosomes of the stratum granulosum, whereas they rapidly disappear or become inaccessible in the lower part of the SC. The disappear-ance of the reactivity of all the MAb in the SC is probably explained by the rarefaction of the junctional structures during the late stages of cornification, since ultrastructural studies on pig epidermis (17) recently showed that the corneodesmosomes, which are regularly distributed on the entire corneocyte surface in the lower part of the SC, are progressively lost on the non-peripheral zones in the upper part of the SC, only the edge corneodesmosomes persisting up to the desquamating layer. These modifications of the junctional system occur together with structural modifications of the corneocytes and of the cornified envelope. Indeed, King et al. (18) described two types of corneocytes successively present in the SC of non-plantar epidermis and associated with modifications of the cornified envelope (19). Comeocytes with a rough surface, associated with irregularly shaped, fragile cornified envelopes, are present only in the lowermost layers of the SC, while smooth surface corneocytes, containing polygonal, rigid cornified envelopes, are present in the upper layers and constitute the most abundant form. Moreover, in previous immunoultrastructural studies (13) we reported that the G36-19 Ag expression, which starts on the rcgu- lar desmosomes of the stratum granulosum and reaches a maximum in the upper stratum granulosum and in the low SC, rapidly decreases but persists throughout the whole SC, atresting that the apparent lack of comeodesmosome Ag expression found by indirect immunofluorescence probably results from the lower sensitivity of the method. For the desmosome Ag, the situation could be similar, since we recently reported immunoultrastructural data showing that desmoglein and probably desmoplakins 1/11 are still expressed in the SC of normal epidermis and on cornified envelope purified from plantar SC, whereas in this work we did not observe desmosome Ag expression in the SC. Therefore, it can be hypothesized that the desmosome Ag are co-expressed with the corneodesmosome Ag on the edge corneodesmosomes, which are still present in the upper part of the SC. On the other hand, Allen and Potten (20) . on mouse ear epidermis, showed that the cohesiveness of the SC seems to depend on a specialized cell junction, the "squamosome," which consists of a peripheral band connecting neighboring corneocytes by their edges. However, in this study we never observed, whatever the MAb, any stacking of fluorescent spots which could evoke such a junctional structure. Moreover, Chapman and Walsh (17), in their recent ultrastructural study, did not find in pig epidermis any specialized junction resembling a squamosome.
In plantar epidermis, the persistence of the reactivity produced by DPltk2.2-15 and PG5.1 in the lower half of the SC and by G36-19 in the whole SC must be related to the particular cornification process of plantar epidermis which differs from non-plantar epidermis in several respects (21-24). However, the absence of label-ing by DPltk2.2-15 and PG5.1 in the upper part of the SC is unlikely to be due to drastic structural modifications of the corneocytes as occurs in non-plantar SC since, in plantar epidermis, corneocytes with a rough surface persist from the lower layer of the SC up to the desquamating layer. Moreover, corneodesmosomes are present up to the skin surface with a distribution similar to that of desmosomes in the stratum spinosum (22,25,26 ). Therefore, a rarefaction of the junctional structures cannot explain the absence of labeling observed with the three desmosome-specific MAb in the upper part of the plantar SC. Finally, previous immunochemical studies have shown that desmosomal Ag are still present on the desquamating plantar corneocytes (24) as well as on purified plantar cornified envelopes (27). Thus, the three desmosome-specific MAb having been shown to recognize intracellular epitopes (3,6,15 ) and the absence of labeling in the upper plantar SC could be explained by a lower accessibility of the recognized epitopes, resulting from a modified conformation of the desmosome Ag andlor from a masking effect of the corneocyte fibrous component. On the other hand, since the G36-19 Ag is located cated on the extracellular domain of the corneodesmosome, a better accessibility of the corneodesmosome Ag on desquamating corneocytes, resulting from the corneocyte disjunction, could explain the stronger labeling intensity produced by (336-19 in these cells.
In the HF, the four MAb we studied in epidermis showed the same membranous dotted labeling pattern, attesting to the presence of desmosomes and corneodesmosomes in the various epithelial layers. The reactivity of the fifth MAb, G20-21, was restricted to the IRS of the HF and was absent from the epidermis, but the pattern it produced was very similar to that of G36-19, so G20-21 was thought to recognize a corneodesmosome Ag. In this case, the absence of G20-21 reactivity in epidermis attests that epidermal and IRS corneodesmosomes are antigenically distinct. Moreover, the absence of the G20-21 Ag in the cuticle of the IRS, where the G36-19 Ag is expressed, attests that the corneodesmosomes also differ between the various epithelial layers of the IRS.
The maturation of the three components of the hair shaft led to dramatic alterations of the junctional system. Indeed, whereas the DPlLk2.2-15 and PGS.1 Ag were present up to the keratogenous zone, the DG3.10 Ag expression was only transitory in the immediate supramatricial zone, and no labeling was produced by the corneodesmosome-specific MAb, whatever the maturation stage. This suggests either that the desmosomes disappear during maturation or that they are replaced by specific junctions devoid of the five desmosomal and corneodesmosomal Ag. Moreover, it is established that the connection of hair shaft to IRS is mechanically made by interlocking between th-e hair cuticle and the cuticle of the IRS (28). and therefore it is rather improbable that functional junctions, which would hinder the vertical movement of the hair shaft through the hair canal, exist at the interface between the hair shaft and the IRS. Therefore, the absence of both desmosome and corneodesmosome Ag in the hair cuticle is probably accounted for by the absence of functional comeodesmosomes interfacing the two cuticles.
In the IRS, the sequence of expression of the desmosome and the corneodesmosome Ag must be compared with the sequence we observed in plantar epidermis, i.e., the successive emergence of the two Ag families, their co-expression, and the persistence of the corneodesmosome Ag up to the desquamating layer. Indeed, the labeling by the desmosome-specific MAb that was observed appeared in the immature stem cells of the hair matrix, persisted in the low portion of the sheath, and disappeared in the keratogenous zone, while the labeling by the comeodesmosome-specific MAb appeared later but persisted up to the isthmus, attesting to the transformation of the desmosomes into comeodesmosomes and the persistence of junctional structures all along the mature IRS. However, in spite of these similarities the two desmosome differentiation pathways are not identical, since G20-21 labeled only the IRS and was absent in epidermis, whatever the body site. Moreover, the desmosome maturation is not similar in the three components of the IRS, as illustrated by the asynchronous emergence observed for G36-19 Ag and also by the early disappearance of the DPW2.
2-15
Ag in the Henle layer. The two observations confirm that, as previously observed (29), the differentiation process is earlier in the Henle layer than in the other components of the IRS. The early disappearance of the DPlk2.2-15 Ag could also attest to the existence of asymmetrical junctions between the Henle layer and the neighboring sheaths, as occurs between granular and horny cells in the epidermis. However, whereas the labeling produced by DP1&2.2-15 dearly disappeared on the membranes connecting the cells within the Henle layer, the labeling of the ORS and of the Huxley layer did not enable us to determine whether the DPlk2.2-15 Ag was present on the two intracellular parts of the desmosome connecting the Henle layer with the neighboring sheaths.
In the ORS, the emergence of the labeling of the three desmosome-specific MAb in the lower part of the sheath was found to be asynchronous. Indeed, the DPltk2.2-15 and PG5.1 reactivity appeared deeper in the ORS than the reactivity of DG3.10. The previous appearance of the plate Ag suggests that they are structural components which, as previously reported (I), are prerequisites for the further construction of desmosomes. The expression of desmoglein I in the low ORS was restricted to the innermost cells. However, these cells could belong to the Ito layer (29), a single cell layer sandwiched between the ORS and the IRS and which is not clearly related to either. The three desmosome Ag were found to be present up to the intrafollicular epidermis in all the ORS cells, except on the outermost cell border lining the basal lamina, showing that the ORS behaves like the viable layers of the epidermis with regard to desmosome Ag expression and distribution. The lack of expression of the two corneodesmosome-specific Ag in the ORS supports the idea that this sheath can be considered as a noncornified squamous epithelium.
In conclusion, by the simultaneous use of five MAb specific for desmosome and corneodesmosome Ag, we defined four desmo-soma1 maturation processes which allowed the nine epithelial differentiation pathways we studied to be merged into four distinct families. Non-plantar epidermis constitutes the first family, showing a comification-related maturation of the desmosomes characterized by the successive emergence of desmosome and corneodesmosome Ag, their co-expression in the stratum granulosum, and their apparent disappearance in the lower part of the SC, probably related to the drastic reduction of the junctional structures. The ORS must be considered as a second family. Indeed, whereas the expression of desmosome Ag is similar to that in viable layers of epidermis, the ORS does not undergo cornification and therefore does not express corneodesmosome Ag. Further comparative studies will be necessary to determine whether the ORS is related to the non-cornified squamous epithelia, such as vaginal or esophageal epithelium. The third family, comprising plantar epidermis and the IRS of the HF, is characterized by the persistence of corneodesmomme Ag up to the desquamating cells. Howwer, this third family is heterogeneous, as indicated mainly by the reactivity of G20-21, which is restricted to the IRS. Whatever the actual situation, the similarity of the two differentiation pathways led us to postulate, as demonstrated in plantar SC, that the corneodesmosome could retain a major role in the cohesiveness of the IRS. Finally, the three components of the hair shaft constitute a fourth family characterized by the absence of expression of corneodesmosome Ag, showing that the desmosomes disappear or undergo, in these epithelial layers, an original cornification-related maturation process.
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